Four- Wave Mixing in Ultracold Atoms using Intermediate Rydberg States 
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Ultracold Rb atoms were used to demonstrate non-degenerate four-wave mixing through a Ryd- 
berg state. Continuous 5S-5P-nD two-photon excitation to the Rydberg state was combined with 
an nD-6P tuned laser in a phase matched geometry. The angular dependence, spatial profile, and 
dependence on detuning were investigated, showing good agreement with theory. Under optimum 
conditions 50 percent of the radiation was emitted into the phase-matched direction. 
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The concept of using the strong dipole-dipole interac- 
tions between Rydberg atoms to blockade coherent ex- 
citation of single atom qubits [H, HJ has recently been 
experimentally realized [3|. Experimental signatures of 
the extension of the blockade concept to mesoscopic 
atomic clouds [3 include observations of suppressed ex- 
citation [a, Jo, |7| and evidence for quantum critical 
behavior [8J, |9(. Coherent coupling between ground and 
Rydberg atoms, an essential capability for exploitation 
of blockade concepts, has only recently begun to be 
realized[l[Ii[m,[ll. 

One intriguing consequence of mesoscopic blockade is 
the collective emission of single photons, that when prop- 
erly phase matched arc predicted to be emitted into a 
diffraction-limited solid angle. This phenomena could be 
used to produce a directional single-photon-on-demand 
source II 311 or for fast quantum-state detection or trans- 
mission [14j . Toward this end, we recently demonstrated 
state-selective stimulated emission detection of Rydberg 
atoms [l5| and showed that it can be used to study pop- 
ulation dynamics of ultracold Rydberg clouds. The use 
of light for ultracold Rydberg detection has also been 
accomplished using electromagnetically induced trans- 
parency [Io| and shown to be very sensitive to atom-atom 
interactions. 

In this paper we present the generation of coher- 
ent light beams using non-degenerate four-wave mix- 
ing through intermediate Rydberg states in an ultracold 
atomic gas. In a low density gas we observe as much 
as 25% of the emitted light isolated in a diffraction- 
limited solid angle under conditions of resonant Rydberg 
excitation. The non-collinear excitation geometry used 
here is naturally compatible with producing the spatially 
localized excitations needed to realize collective coher- 
ent single-photon emission. When coupled with higher- 
density atom clouds [lj| and exciting states with stronger 
dipole-dipole interactions 17[ , this experiment should en- 
ter the collective single-photon regime. 

The four-wave mixing process occurs within a 87 Rb 
MOT, with density ~10 10 cm' 3 , as described in Rcf. 
[ill. The first photon (fci) comes from a 15 mW laser 
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FIG. 1: (Color online) a) Energy levels for four wave mixing. 
The fci and tt2 photons produce two-photon excitation to an 
nD Rydberg level. The &3 laser couples the Rydberg level 
to the 6P state. Atoms in the 6P radiate coherently to the 
ground state to complete the four-wave mixing process, b) 
Phase-matching geometry. 



locked 500 MHz above the 5Si /2 -5P 3/ 2 F=2 to F'=3 tran- 
sition at 780 nm. 5 mW of 480 nm light from an a fre- 
quency doubled, amplified 960 nm ECDL is locked to 
a external Fabry Perot cavity, and used as the second 
step, k2, of the excitation process and takes the atom 
to (or near) an nD 5 / 2 Rydberg state. The third photon, 
fc3, comes from a cavity-locked 75 mW 1015 nm laser, 
which brings the atoms from the nD 5 / 2 Rydberg state to 
the 6P3/2 state. This results in decay photons from the 
6P3/2 state to the ground state at 420 nm. The relevant 
energy levels can be seen in Fig. [TJi. 

The directions of the three laser beams are chosen to 
satisfy phase-matching conditions, as shown in Fig. [TJd. 
In principle, a wide variety of possible geometries can 
be chosen, but we selected this particular one to give a 
large angle between fc 2 and £3, allowing for a small spa- 
tial overlap volume if desired. (A 90° angle is possible, 
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giving the smallest possible overlap volume, but is in- 
compatible with our vacuum chamber.) This results in 
a phase-matched direction for the exiting 420 nm pho- 
tons (fet) which is 3° from fc 2 . The direction of k^ is 
very insensitive to the direction of k\. Two Hamamatsu 
H7360-01 photon counters are used to detect these 420 
nm photons, with a series of filters placed to eliminate 
all other wavelengths of light from the detectors. The 
detection efficiency of the filters and photodetectors is 
3%. One detector is placed along an arbitrary or "off- 
axis" direction, while a second is placed along the antici- 
pated phase-matched or "on-axis" direction. The waists 
of the three beams were {w\, W2,w 3 ) — (4.0,0.58,0.83) 
mm, comparable to the MOT cloud size of 0.74 mm, so 
that most of the MOT atoms participate in the four- wave 
mixing process. 

Phase-matched emission was initially seen for Rydberg 
principal quantum number n = 28 by moving fci far off 
the phase-matched direction and confirming nearly equal 
&4 detection rates in the on- and off- axis directions. Then 
as ki was rotated in to the phase-matched direction a 
factor of 10 jump in the count rate on the on-axis detector 
was observed, with no change in the off-axis count rate. 
The width of acceptance for phase matching was found 
to be 56*i = 1.6 mrad, slightly larger than the expected 
1.2 mrad. An iris placed in front of the phase matched 
detector reduced the solid angle of the on-axis detector 
by a factor of 11 while changing the count rate by only 
9%. 

When exciting to a different n-levcl Rydberg state, dif- 
ferent frequencies are involved, so the phase-matched ge- 
ometry will vary slightly. In fact, a change of only a 
few n-levels at fixed laser beam angles is enough to move 
the phase-matching condition outside the angular band- 
width. After changing from 28D 5 / 2 to 58D 5 / 2 , fei was 
rotated until phase matching was again attained, and 
the rotation angle was found to be 4.4±0.3 mrad. This 
is consistent with the theoretical value of 4.1 mrad. 

We scanned a razor blade across the phase-matched 
output and recorded count rate as a function of posi- 
tion. The waist of the phase-matched light was found 
to be 0.39 mm, slightly (15%) smaller than the expected 
diffraction limit. 

Neglecting propagation effects, in the absence of block- 
ade we can consider the four-wave mixing process to re- 
sult from the spatial phasing of the atomic dipole mo- 
ments as a result of the three driving fields: (dj) = 
(do(n)) exp[i(fei+fe2 _ k3)-Ti], where di is the dipole mo- 
ment of the ith atom and do its magnitude as a function 
of atomic position 7"j. The fields from the atomic anten- 
nas constructively interfere in the far field to produce an 
electric field a large distance R away of 

^) = "'y (_|!) 3/ V4fV (i) 

We have assumed that the dipole moment is oriented 
perpendicular to the plane of the lasers, and that the 
effective spatial distribution of the dipoles is Gaussian 
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FIG. 2: (Color online) The fraction of light emitted in the 
on-axis direction increases with the number of atoms in the 
MOT, as expected from the nonlinear character of four wave 
mixing. The dashed line shows the model prediction. 

with standard deviation w/2 and peak density n. The 
angle <f> is measured with respect to the phase-matched 
direction. 

The ratio of on-axis to off-axis powers is obtained by 
integrating the intensity deduced from Eq.[T]over the an- 
gular distribution, and comparing to the spontaneously 
radiated power P Q from the 6P state: 

Ppm = N 2 2c(d ) 2 k 2 /w 2 ^ N e \a gp \ 2 
Po NeHckjTpPp w 2 p p 

where N e = n(nw 2 /2) 3//2 is the effective number of par- 
ticipating atoms, p p is the fraction of atoms in the 6P 
state, and a gp is the 6P-5S optical coherence density ma- 
trix element. 

From Eq. [2] we expect the phase-matched fraction to 
be dependent on the number of atoms, since the phase- 
matched power is a nonlinear process. To verify this, 
the percentage of light in the phase-matched direction 
was measured as a function of the number of atoms in 
the MOT, with the results shown in Fig. d The ex- 
pected nonlinear response of the four wave mixing can 
be seen as a linear increase in the phase-matched fraction 
with number of atoms at small atom numbers. As the 
cloud becomes optically thick, the phase matched light is 
partially scattered due to the linear susceptibility of the 
atoms, and this scattered component, up to 24% for our 
conditions, is observed as additional off- axis light. 

For a quantitative comparison with our observations, 
we have developed an effective 3-level density matrix 
model of the four-wave mixing process. The 5S state 
"g" and the Rydberg state "r" are coupled by an effec- 
tive two-photon Rabi frequency fli^/iA (~ 4 kHz) ob- 
tained by adiabatic elimination of the 5P3/2 state. The 
Rydberg state is then coupled to the 6P3/2 state "p" with 
Rabi frequency ~ 1 MHz. In order to simulate the ef- 
fects of the substantial lincwidths of the lasers used (1-3 
MHz), plus other possible additional broadening mecha- 
nisms, we gave the a rg and a re coherences effective ho- 
mogeneous broadening factors of 6 and 2 MHz chosen to 
reproduce the observed linewidths for two-photon exci- 
tation and non-phase-matched four-wave mixing, respec- 
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FIG. 3: (Color online) Count rates as a function of kz, showing 
the hyperfine manifold of the 6P3/2 state. The F'=3 state 
produces strikingly more on-axis light than the other F' levels 
due to its stronger coupling to the Rydberg state and the 
higher branching ratio into the F—2 ground state. 



tively. In addition, the Rydberg state was assumed to 
have a shortened lifetime due to the effects of superra- 
diance [HI, and the 6P state was assumed to decay at 
its spontaneous rate. The effects of nuclear spin were ac- 
counted for by calculating effective Rabi frequencies as- 
suming nuclear spin conservation in the Rydberg state. 
Given measured intensities and atom numbers, the model 
then makes absolute predictions of the on- and off-axis 
count rates observed, and is typically within a factor of 
3 of the observations. 

The on- and off-axis count rates as a function of fc 3 are 
shown in Fig. [3] For off-axis light the F'=3 count rate 
is slightly higher than the other F' levels, with the F'=2 
count rate being 65 percent of the F'=3 rate. The model 
predicts 48%. The on-axis light, on the other hand, has 
an observed 10:1 ratio for the two states. This is partly 
explained by a factor of \/2 greater dipole matrix clement 
for the 6P 3 /2(F'=3)— >5S!/ 2 (F=2) transition as compared 
to the corresponding matrix element from the F'=2 state. 
In addition there is a competition between the coherent 
deexcitation from the Rydberg state and the various de- 
coherence process that occur in the Rydberg state. This 
further favors the larger Rabi coupling to the F'=3 state. 
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FIG. 4: (Color online) Fraction of on-axis light as a function 
of intensity, with model predictions. The intensities and on- 
axis fractions for F'=2 data are scaled to reflect the reduced 
dipole matrix elements. The increased on-axis efficiency at 
higher intensity indicates the competition between four-wave 
mixing and decoherence processes. 
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FIG. 5: (Color online) Count rates in on- and off-axis coun- 
ters as a function of the excitation frequency, showing both 
the non-resonant 5S-nD excitation (left peak and inset) and 
resonant Rydberg state excitation with off-resonant deexci- 
tation to the 6P state. The kz laser was held 32 MHz above 
the Rydberg-6P transition. The inset scales the off-axis count 
rate by the solid angle to show the total amount of light emit- 
ted. In this case the amount of on-axis light is approximately 
equal to the total amount of light in all other directions. 



From these effects the model predicts a ratio of 7.7, in 
reasonable agreement with the observations. 

Figured] shows the on-axis fraction of the emitted light 
as the intensity of beam /c 3 is varied, for two different hy- 
perfine levels of the 6P state. The different dipole matrix 
elements for the two hyperfine levels are accounted for by 
scaling the F'=2 intensities by a factor of 0.48 and the 
on-axis fraction by 2. The increase of the on-axis fraction 
with increased intensity shows that the four wave mixing 
process is competing with decoherence. The model pre- 
diction is sensitive to the assumed broadening of the r-p 
coherence, with the data favoring a narrower (2.5 MHz) 
linewidth for this coherence than deduced from the off- 
axis spectroscopy. 

In order to look for another sign of decoherence, the 
population in the Rydberg state was reduced by detun- 
ing /c 3 from the Rydberg-6P 3 / 2 resonance. Then the ki 
frequency is varied and two resonances result. The first 
occurs when the excitation lasers are on resonance with 
the Rydberg state, giving significant Rydberg popula- 
tions. The second resonance occurs when the 3-photon 
process to the 6P state is on resonance, but 2-photon 
excitation to the Rydberg state is off resonance. An 
example of this data with fc 3 tuned 32 MHz above the 
Rydberg-6P 3 / 2 F'=3 resonance is shown in Fig. As 
the figure shows, the count rate on the "off-axis" counter 
is very small for off-resonant Rydberg excitation. The 



4 




-30 -20 -10 10 20 30 

Detuning From Rydberg State (MHz) 



FIG. 6: (Color online) The ratio of off-axis counts to on- 
axis count rate measured as a function of detuning from the 
Rydberg state. Zero on this plot corresponds to perfect phase 
matching. The efficiency of the phase-matching process is 
optimized when detuned from the Rydberg state. 

fraction of phase-matched light reaches 50% of the total 
6P-5S emission. When the Rydberg states are resonantly 
produced, the fraction of phase matched light drops to 
20%. 

Figure [6] shows the ratio of off-axis to on-axis light 
as a function of 2-photon detuning, with k% adjusted to 
maintain 3-photon resonance. Again, the fraction of on- 
axis light is about 20% on resonance, increasing to 50% 
off resonance. This trend is accounted for by the model 
as seen in the figure. 

These results point out that Rydberg decoherence 



mechanisms are important for determining the on-axis 
emission efficiency. The data presented here are all ob- 
tained under weak excitation conditions where block- 
ade effects should be unimportant. Under blockade con- 
ditions Rydberg-Rydberg and superradiant decoherence 
mechanisms are predicted to be virtually eliminated. 

As a step towards using phase-matched four-wave mix- 
ing as a single photon source, we have focused the 480 
nm and 1015 nm beams to 12 /im. This results in a 
effective volume of ~10~ 8 cm 3 , which could be block- 
aded for reasonable n- levels • When using the focused 
beams, phase-matching was again achieved for the vari- 
ous n-levels, with the same dependence on F' level, in- 
tensity, and detuning from the Rydberg state. The max- 
imum percentage of light achieved in the phase-matched 
direction was reduced to below 1%, as expected from Eq. 
[2] since the relevant factor N e /w 2 was reduced by a fac- 
tor of 40. In the future, this could be be improved by 
increasing the density of the sample [16j , allowing both 
efficient phase-matching and dipole blockade and making 
a single photon source possible. 
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